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Abstract

The aim of this study was to develop a procedure that enabled the separation of estradiol diastereoisomers. For this
purpose a series of stationary phases with different surface properties has been utilized. Two of them contain various
interaction sites, such as: cholesterelacylamide, amine and silanols localised in the organic layer bonded to the surface of
silica gel (SG-CHOL and SG-CHOL/AP). The other one contains mainly alkylamide ligands and also residual aminopropyl
and silanol groups (SG-AP), as well as the last one consisting of hydrocarbonaceous materig} (SG-C ). In order to select the
best type of stationary phase for this analysis, after chromatographic separationceéstradiol and 1PB-estradiol,
selectivity and resolution of the analytes were compared. The best separation of hormones was obtained for SG-CHOL
packing, as a consequence of the structure and the properties of this stationary phase. To better understand the retentior
mechanism and the properties of the stationary phases, used in the separation of steroid compounds, the functional group
contributions t) were compared with Hansch substituent constamjs (
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1. Introduction which took place in the preparation of new genera-
tions of stationary phases. Many of these materials

At the present time high-performance liquid chro- are related to natural, biological systems and so give
matography (HPLC) is one of the most widely used the possibility of simulating processes going on at
analytical methods. This technique permits the sepa- the phase borders (e.g. liquid—solid, liquid—liquid,
ration of different multicomponent mixtures, and liquid—gas, etc.), biological barriers (brain—blood)
also the identification of compounds and their quan- and environments (external and internal environment
titative analysis. This is connected to the evolution of the cell). Therefore, the selection of an appro-

priate stationary phase for a given chromatographic
analysis is often the most important step, which
determines the quality of the final results. One of the
*Corresponding author. Tel+48-56-6114308; fax:+48-56- factors p_Iaying a predqminant role in the separation
6114837. process is the interaction between solute, stationary
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Different stationary phases with diverse properties
are recommended for the HPLC analysis of bio-
logically active compounds. Generally, according to
Unger's nomenclatur@d], they may be focused into
several groups, such as packings with hydrophobic
character][5—-8] and also with hydrophilic character Ho
[8—10]. Packings of monomer and polymer type

[6,11] Wit_h Iow_ and_high surface coverage of t_he 17-o-estradiol 17-B-estradiol
support (including with controlled coverage density)
also belong herg12]. Finally, in this group are Fig. 1. Structure of estradiol diastereoisomers.

packings with specific surface properties such as:
shielded[13-15], chiral [16,17], peptide[18], liquid understanding of the mechanism of separation on

crystalline [19] and/or immobilized artificial mem- newly synthesized stationary phases with special
brane (IAM) stationary phasgg0], etc. These last properties, and in order to interpret the results
materials, designed by immobilizing phospholipids obtained in this study, the functional group contribu-
on a silica surfacg20] are especially of interest in tiong)(were compared with Hansch substituent
the field of researchers—chromatographers and often constanigy].

are applied to specific determinations and modeling
of a new generation of drugs. They are also used
with success in biomedical applications in the search
for analogies to natural systems, especially biological
membrane—cell interior systems (cell biology, molec-
ular biology)[21-23].

One of the components of the bilayer biological
membrane is cholesterol. This compound can per-
form the role of an artificial membrane after chemi-
cal immobilization on the silica surfac4]. This
new generation stationary phase with specific prop-
erties seems to fulfil the expectations of chroma-
tographers in the steroid separation represented by
estradiol diastereoisomej24]. Optical isomers often
possess widely different biological activity and meth-
ods for their isolation are very important. Estradiols
are the most active among all the estrogens in the
human body, responsible for stimulating growth of
the female reproductive system. Sex drive, thyroid
function, and skin elasticity are also affected by this
hormone. 17-Estradiol is the most active of all
well-known female sexual hormones, while the
isomer 17B-estradiol is almost not activeFig. 1).

In the current work, a series of chemically bonded
stationary phases with specific structural properties
has been synthesized. Two of them contain choles- 2.2. Bonded phase synthesis and column packing
terol ligands bonded to silica (SG-CHOL, SG- procedure
CHOL/AP), one is an alkylamide packing (SG-AP)
and the last of them is an octadecyl column (SG- Silica support surface modification was carried out
C,g) acting as a reference material. For a better in a glass reactor described in[1R¢?d]. The

2. Experimental
2.1. Materials and reagents

All stationary phases were synthesized using the
highest quality silica gel, Kromasil-100-5-SIL
AT0153 (Akzo Nobel, Bohus, Sweden). Physico-
chemical characteristics of the bare silica adsorbent
are presented imable 1.For the chemical modi-
fication of the silica surface, the following reagents
were used: octadecyltrichlorosilane purchased from
Petrarch System (Levittown, PA, USA)-amino-
propyltriethoxysilane and triethylamine (Fluka,
Buchs, Switzerland); palmitoyl chloride (Merck,
Darmstadt, Germany). Cholesteryl chloroformate
98%, lauric acid chloride and 1-octadecene were
purchased from Sigma—Aldrich (Gillingham, Dorset,
UK). Organic solvents were of HPLC grade (T.J.
Baker, Deventer, The Netherlands). Water was taken
from a Milli-Q RG system (Millipore Intertech,
Bedford, MA, USA).
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Table 1
Physicochemical structure of pure Kromasil 100-5-SIL, AT0153
Characteristics Abbreviation Unit Value
Mean particle size d, wm 5
Particle shape - - Spherical
Specific surface area Seer m’ g* 310
Pore volume A cm® gt 0.82
Mean pore diameter D nm 10
Concentration of OH groups Aoy pmol m™2 7.1
Trace amounts of metals (o ppm

CM, Na 28

C <10

M, Fe, Al

reaction mechanism and the conditions for 3. Results and discussion

alkylamide phase synthesis (SG-AP) were the sub-

ject of Refs[13,26,27].Octadecyl material (SG-g ) 3.1. Surface characterization

was prepared in non-solvent conditions, described

previously[26,27]. The procedure for the preparation The schematic structures of the synthesised
of SG-CHOL and SG-CHOL/AP phases was de- stationary phases, used in this study, are illustrated in
lineated in Ref.[24]. Both these packing materials Fig. 2.

were synthesized in two steps. The first step was

described in detail earlig6] and the second stage \i Q

was the subject of Ref13]. The prepared stationary —s—0o—S\ A AANANANANANA

phases were packed into 100 mmh.6 mm [.D. /i c{, SG-C18
stainless-steel tubes purchased from Supelco (Belle-

fonte, PA, USA). The modified silica was shaken in i H

an ultrasonic bath for 5 min with 15 ml of 2-  —Si—0—=sino~ N,

propanol. All HPLC columns were packed using a X SG-AP
laboratory-made apparatus equipped with a Haskel
packing pump (Burbank, CA, USA) under a constant
pressure of 50 MPa. Methanol was used as a driving
solvent.

2.3. Apparatus

A 1050 HP apparatus (Hewlet Packard, Wald-
bronn, Germany) consisting of a gradient pump, a
diode array detector, autosampler and the Vectra i C{\k(c”’
QS/HP computer with ChemStation-2 for data col-
lection and instrument control, were selected for
chromatographic measurements. Si—0—Sin ~_-NH~_O
For computer modelling a HyperChem package i o 1( SG-CHOL/AP
with the ChemPlus extension (HyberCube, Waterloo, —\?_O—/\S‘W"‘”W
Canada), Statgraphics package (Manugistics, Rock- OH 0
ville, MD, USA), DataFi (Oakdale Engineering, Fig. 2. Chemical structure of stationary phases obtained after
Oakdale, PA, USA) were used. modification.

i
—Si _07Si\/\/NHZ

poe
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Table 2
The degree of silica coverage with organic ligands based on elemental analysis
Packing Ist modification stage IiInd modification stage
Pc Py Qe Number of Pc Py Agp Number of
(%) (%) (nmol/m?) ligands/nm (%) (%) i¢mol/m?) ligands/nm
SG-C, 19.02 - 3.74 2.24 - - - -
SG-AP 4.30 1.15 4.60 2.76 15.19 1.20 2.83 1.69
SG-CHOL 4.38 1.25 4.62 2.77 21.19 121 2.64 1.58
SG-CHOL/AP 4.47 1.33 4.67 2.80 18.06 152 * @

®The exact coverage density cannot be determined by this technique because two modifiers were used in the second stage of the bonding
reaction.

Table 2 presents values characterising the degree SG-CHOL/AP phase it can be expected that there is
of coverage level of the silica support surface a good shielding of the support surface and a large
represented by coverage densiiy ) corresponding enough participation of both the cholesteric ligands
to the concentration of organic phase deposition and the acylamide in the separation pfadéss (

(wmol) calculated per specific surface area of bare 2).

silica (m"/g) and the number of organic ligands

bonded to the surface (fm ). Both values were 3.2. Chromatographic characterization and
calculated on the basis of elemental analysis data \gtention mechanism investigation

using a modified Berendsen equati@8]. By calcu-

lation of an ag, value for the phases SG-AP, SG-  The present work describes results of application
CHOL and SG-CHOL/AP at the first stage of of the new generation of stationary phases, imitating
modification, the coverage density for the inter- pigiogical membranes, for the separation of es-
mediate product, which was the SG-NH phase ,giols using the RP HPLC system. Both steroids
(aminopropyl Ilggnd), was determined. Hence, there (Fig. 1) possess two functional hydroxyl groups,
are only small differences and the., values were  \yhich determine the properties of these analytes.
reproducible. From the comparison of these three gypgtityents in the structure of compounds have a
phases it follows that over 55% silanols yielded t0 |5y4e contribution to the separation process, depend-
conversion (following Ungef4], assuming that on g on their nature and on the composition of the
the bare silica surface one finds 8,0mol/m binary organic—water mobile phase. The role of
silanols which corresponds to ca. 4.0-4.5 OH gpsiituents in retention is often characterised by the
QTOUpS/mﬁ ). For the SG{g phase, values of f,nctional group contributionj, which is deter-
silanols reacting in the synthesis process are ca. 50%, yined by differences in retention of two compounds
WhiCh includes this phase in the interval for packings with various groups (Eq. (1)). This parameter has a
with a dense coveradd3,29]. For the calculation of  gpecific relationship with the measure of selectivity
agp Values for the second stage of the modification, (a) of the chromatographic system, which becomes
the matter is more complicated and a determination gyident in comparison of Egs. (1) and (2). According
of these values is possible only for the SG-AP and i, Eq. (3) « is one of the factors determining the

SG-CHOL phases. A calculation of tlg, value for  yagoytion R.) of analytes on the stationary phase. It
the SG-CHOL/AP stationary phase seems 10 b€ geems to be obvious that the functional group
impossible. The established mixed structures of this ¢onyibution 7 is an indirect indicator of selectivity

. . . . 1
Pad;'gg_mate“a' were confirmed by StUd'eS_af C and as a consequence it should permit the prediction
and *" Si CP/MAS NMR and FTIR. Anyway, it can ot regolution of compounds on different packings.

be concluded that after the first step of modification, oy, the other hand values efare related to Hansch
phases with controlled and homogenous coverage g pstituent constants (Eq. (4))

densities have been achieved. Consequently, after the
second stage of modification, in the case of the 7, =logks y —logks_ =109 Kr_/kg_p) (1)
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a=Kg_y/Kg_n (2) 06+ T
0,4 —Cl
R, =0.25N"?: (a — 1/a)- (k/1+k) (3) 02 ~0C *cHs
Te
T ; T T 04— " »
m, = l0ogPg_yx —l0gPr_,;=10g Pr_x/Pg_y) (4) 2 415 A 0570 : 05 1
: —CcN “
wherek;_,,, kKr_y are capacity factors for the analyte “on 04l
without substituent and the compound with func- 06 |
tional group,« is the selectivity coefficient\ is the '
number of theoretical plate?,_,,, Pr_x are the —COONH, 0381
n-octanol—water coefficients for compound without -1
functional group and analyte with substituent. Fig. 3. Relationship between functional group contributioand

Comparison of those two constants for different Hansch substituent constants for a series of monosubstituent
test solutes is one of the methods for predicting Penzenes for the SG-CHOL phase.
retention on stationary phases. To realize this pur-
pose in this study, a series of monosubstituted Fig. 3. The remaining data characterising the tested

benzenes were selected and gathered together in columns are preseragdeid.

Table 3,together with the following parameters: the From the data presentet@lairte 4 it can be
logarithm of partition coefficients determined for concluded that the highest correlation was obtained
n-octanol-water (logP) taken from Refs[25,30], for SG-AP ¢°=0.9964), with the high coverage
Hansch constantsq and the logarithm of retention density reached for this packing and the kind of
factor k) corresponding to a hypothetical pure water bonded ligands (possibility of creation of hydrogen-

eluent (logk,). This value was calculated by ex-

trapolation of the linear relationship of individual log  Table 4

k data vs. the concentration of methanol in aqueous Values of a (slopes),b (intercept) for the linear relationships
mobile phases. Middle values of the functional group (y=ax+ b)_ anq r? (regression coefficient) between functional
contribution, obtained on the basis of the capacity 9r°uP contribution4) and Hanschr constants

factors determined for a binary hydro-organic mobile Packing a b r’
phase, together with Hansch constants were com-sc-c, 0.6429 ~0.0917 0.9692
pared for the chosen analytes on packing materials SG-AP 0.4698 —0.0052 0.9964
synthesised in this study. An example of such SG-CHOL 0.5263 0.009 0.9711
dependence for the SG-CHOL phase is illustrated in SG-CHOL/AP 0.4345 —00226 0.9325
Table 3
Structural parameters of test solutes used in the study (for description & leglog k,,, see text)
Compound Functional group Id® T log k,,

SG-Cq SG-AP SG-CHOL SG-CHOL/AP
Benzene -H 2.13 0 2.24 1.66 2.21 0.94
Benzoic acid —E0(0H) 1.87 - 0.64 0.39 0.64 0.78
Benzamide —€0(NH,) 0.64 —-1.49 1.25 0.57 1.14 0.11
Benzonitryle —-CN 1.56 —-0.57 1.99 1.32 1.95 0.78
Methoxybenzene —-O-CH 211 -0.02 2.40 1.74 2.35 0.95
Phenol —OH 1.47 -0.67 1.52 1.29 1.68 0.53
Toluene -CH 2.73 0.56 2.93 2.20 2.82 1.13
Nitrobenzene -NQ 1.85 -0.28 - - - 0.90
Chlorobenzene —Cl 2.89 0.71 3.04 2.38 3.01 -
Bromobenzene —-Br 2.84 0.86 - - - 1.80
lodobenzene —l 3.30 - - - - -

® Calculated by HyperChem program.
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bonds) suggesting the formation of a “hydrophilic - =
pillow” (preferential solvatation of residual silanol w{ A LI
groups by water moleculegBl]. Consequently, it LE ?
protects residual silanols from access by the analytes. ®1

A slightly lower value of the correlation coefficient ]

for the SG-CHOL materials {=0.9711) is probably -
caused by the presence of complex, with respect to
volume, and stiff molecules of cholesterol. Also, the
presence of additional interaction sites (chiral cen-
ters, m-electrons and/or finally the free pair of
electrons in the nitrogen atoms in organic ligands)
has an influence on the retention of this type of
stationary phase. The correlation coefficient for the
SG-C,; material *=0.9692), which is theoretically
the most hydrophobic, shows that there can be a
quite high activity of residual silanols. Based on the
data obtained, it should be stressed that both the size
and the polarity of the analyte play important roles in
the retention mechanism.

Good correlations achieved for the stationary
phases studiedT@ble 4 indicate that the principal
mechanism of retention is a partition process, similar
to the octanol-water partitioning. The retention on
these packings is dependent on hydrophobicity ef-
fects. Such a conclusion is in agreement with results
of quantitative structure—retention relationships
(QSRR) analysis, described earlier in many papers
[30]. However, such a conclusion should not exclude
the participation of an adsorption mechanism, due to
the presence of a population of residual silanols and

3
1048
2207

...
-
-
~d
o
-

amino groups. Interactions between phenolic func- = !°

tional groups, localized in the estradiol molecule, & D 5 II

and, for example, unreacted amino groups (in the

case of SG-AP, SG-CHOL, SG-CHOL/AP) leads to ™7

the creation of hydrogen-bonds, which are respon- =]

sible for the adsorption of the molecules on the

surface of the stationary phase. It must be concluded bt §

that for the packing materials here, the retention e <

mechanism has a mixed character, connected with

the partitioning and the adsorption processes. 1 5 1 H H

Fig. 4. Separation of 1&-estradiol (1) and 17B-estradiol (Il) on
3.3. Application (A) SG-C,,, (B) SG-AP, (C) SG-CHOL, (D) SG-CHOLI/AP.
Separation conditions: mobile phase, ACN—water (60:40, v/v);
Results from chromatographic investigations of flow-rate, 1 mi/min; detection, UVA=254 nm.
steroids are presented Kig. 4. The most effective
separation of 1#-estradiol from the diastereocisomer as a mobile phase in a time not over 11 min. The
17--estradiol was obtained for the SG-CHOL pack- better resolution for this stationary phase is a conse-
ing with an acetonitrile—water mixture (60:40, v/v) guence of the special properties of cholesterol-based
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materials (especially participation of chiral centers in
the interactions and also orientation of the stationary
phase ligands in hydroorganic separation conditions).
The specific nature of the dependence of retention
on size and polarity of analyte and ligands appears to
be confirmed by the comparison of the dependence
of resolution vs. polarity of stationary phaded. 5).
Hydrophilic groups localized in the steroid analyzed
determine better separation on those stationary

phases, where the surface has more polar properties.

According to Ref.[24] cholesteric ligands attached
to a silica support in SG-CHOL are partially access-
ible to the test solutes in comparison with for
example SG-CHOL/AP material. Also a lower po-
larity and weaker solvation with solvent molecules is
observed for this packing. Results presenteBim 5

for the case of the SG-AP material are somewhat

surprising, because of the separation of the analytes

on the stationary phase, which does not contain any
of the cholesteric groups. This is probably a conse-
quence of the presence of the free pair of electrons in
the nitrogen atoms of the organic ligands on this
packing. This conclusion seems to be confirmed by a
comparison of the separation of the estradiol dia-
stereoisomers on the SG-AP and SG;C

phases. For the hydrocarbonaceous material, res-

olution equals zero, which is in agreement with the
hydrophobic character of the bonded organic chains,
without specific groups in its structure, such as in the

1,51
N
Re
) l
0 -‘ ; N

SG-C18 SG-AP SG-MIX  SG-CHOL
CHOUAP

Fig. 5. Comparison of the dependence of resolution vs. polarity of
stationary phase for separation of d+estradiol and 1PB-es-
tradiol.

285

case of the alkylamide stationary phase. On the other
hand, although the high correlation coefficient for the
SG-AP packiiadpld 4 suggests larger possi-
bilities for the prediction of retention on the
alkylamide material, the resolution obtained for the
separation of estradiols is relatively low. This can be

a consequence of the isomeric structure of the
analyzed steroid. It should be noted that the results

of a comparison of avevafiges with Hanschr
constants in the case of predicting separation on the

studied stationary phases proves to be not sufficient

in the analysis of estradiols.
The best resolution of compounds, obtained on the

cholesteric material, is caused by the structure of this

packing material. Such analysis requires a stationary

phase with specific structural properties. Both es-

tradiols are different in the configuration at the chiral
center of carbon 17. The molecule of cholesterol
possesses eight asymmetric carbons, which makes
cholesteric stationary phases a promising material for
the separation of enantiomers. Enantioselectivity of
stationary phases depends on individual contributions
to chiral recognition for different substituents located
near a chiral carbon atom (in case of estradiols —OH)

stationary [32]. Better shape recognition capabilities for the

SG-CHOL material towards the separation of es-
tradiols could be a consequence of liquid crystalline

properties of the stationary phase. The expected
special properties, caused presumably by the liquid

crystal structure of chemically immobilized mole-
cules of cholesterol, were the subject of many
previous report$33—35]. Still it has not been proven
that the reason for the higher shape selectivity for
these types of stationary phases is their specific
configuration in hydro-organic conditions connected
with liquid crystal-like behavior.

4, Conclusion

In the chemical modification of bare silica, four
stationary phases (SG;g , SG-AP, SG-CHOL, SG-
CHOL/AP) for RP HPLC have been synthesized.
The results of the elemental analysis allow classify-
ing them as materials with homogenous and con-
trolled density. Chromatographic measurements of
female sexual hormones under the same standard
conditions on the synthesized stationary phases with
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